A cold vapor atomic absorption spectrometric method was developed for the subnanogram-pergram determination of total Hg in a wide variety of foods. Foods were weighed into 50 mL polypropylene centrifuge tubes and dried without charring at 55°C in a circulating oven. Samples were then digested at 58°C with HNO 3 , HCl, and H 2 O 2 . After matrix modification with solutions of 2% Mg(NO 3 ) 2 , 0.01% Triton X-100, and Cu(II) at 10 mg/mL, samples were analyzed by using a CeTAC Technologies M-6000A dedicated Hg analyzer. Based on a 2 g sample weight, the detection limit of the method over 12 batches averaged 0.30 ng/g wet weight and ranged from 0.03 to 0.6 ng/g. Recoveries of Hg added to 17 different foods, analyzed in a routine manner, averaged 97%, and individual recoveries ranged from 77 to 107%. Accuracy was confirmed by analysis of 7 biological reference materials from the National Research Council of Canada and the National Institute of Standards and Technology. Stabilization of low concentrations of Hg in solutions containing no sample was required to prevent loss of Hg from blanks. In a comparison of NaCl, potassium dichromate, and Au(III), chloride was much more effective for stabilization than the other two, and HCl was used for subsequent stabilization.
M any foods contain Hg at <1 ng/g and do not constitute a health threat. Nevertheless, the ability to routinely measure Hg concentrations of <1 ng/g Hg in foods has become important as a result of the internationally recognized need for total diet studies to perform risk assessments (1) . The validity of such assessments is based on the accuracy of dietary intakes, which, in turn, depend on the ability to measure the amount of Hg actually present rather than the use of detection limit data to make such calculations.
The routine, cold vapor atomic absorption spectrometric determination of Hg in foods at subnanogram-per-gram levels has largely been limited by 3 factors: instrumental sensitivity, the complexity of digestion without loss of Hg, and the stability of solutions containing low concentrations of Hg.
Conventional atomic absorption spectrometers generally lack the optical stability to determine Hg in solution at concentrations of <1 ng/mL in the continuous-flow mode and at approximate concentrations of <10 ng absolute in the batch mode. Three approaches have been used to overcome this problem. First, large sample sizes were used, and the total digest or a large portion was used to generate a single Hg signal in a batch-type system (2) . Second, Hg was preconcentrated, often by using solvent extraction (3) (4) (5) . Alternatively, collection of Hg vapor on gold (6) or platinum (7), followed by rapid heating of the amalgam, enabled the preconcentration of Hg by continuous-flow cold vapor techniques. Third, optical stability was increased via improvement of commercial dedicated Hg analyzers by stabilization of the lamp output and the detection systems. One such instrument, the CeTAC Technologies M-6000A Hg analyzer, achieves this by using 4 separate power supplies, lamp thermostating, low gas flows, and nonbubbling gas-liquid separation. As a result of the subsequent reduction of baseline noise, substantially lower detection limits of <1 pg/mL are routinely achieved (8) . This paper describes the application of this instrument to the determination of Hg in foods.
The digestion of foods for Hg determination remains one of the most difficult tasks facing the analytical chemist. First, the high volatility of Hg can result in losses during digestion; a variety of refluxing or trapping equipment, most commonly air condensers and the Bethge and Thiele-Pape apparatuses, have been used to prevent this (9) (10) (11) (12) . The use of such equipment, however, is time-and space-intensive and not really suited to routine analysis. As a result, simpler techniques to prevent loss of Hg, such as covering the digestion flask with a glass ball (13) , have also been developed.
Second, complete destruction of organic matter has been advocated to prevent instrumental interferences when foods are analyzed for Hg. Thus, for highest accuracy, the approach was to perform rigorous time-and analyst-intensive acid digestions (9-12); pressure digestion (14, 15) , for which recoveries were as low as 74% (15) ; or microwave digestion (16) (17) (18) , for which some Hg losses were reported (16) .
Several methods that replace complete destruction of organic matter with low-temperature acid digestions have also been developed (10, 13, 19, 20) . Two of these methods, developed for Hg in fish, successfully eliminated complex apparatuses or condensers to prevent Hg loss; (1) a simple glass ball over an Erlenmeyer digestion flask (10) , and (2) open Kjeldahl flasks (19, 20) . One of the methods, previously applied to fish (19, 20) , involved digestion at 60°C with H 2 SO 4 -HNO 3 (4 + 1), followed by KMnO 4 . After initial publication in 1971, the method evolved with time; Kjeldahl flasks were replaced with test tubes, and samples were dried in the tubes at 60°C before the addition of digestion acid. The obvious advantages of using this type of digestion in routine analysis led to testing for general applicability to foods. This paper presents the results of that study.
Finally, during development of the method, losses of Hg from reagent blanks were observed. This observation led to the evaluation of several stabilization techniques. Also, because others found that the container appeared to play a role in the stabilization of Hg in solution, this aspect of the method was also evaluated. The effect of polypropylene and polystyrene containers for digestion and subsequent storage of the digests was evaluated. 
METHOD

Apparatus
Preparation of Standards
(a) Hg standards.-(1) 10 mg/mL.-Pipet 1.00 mL 1000 µg/mL stock Hg standard, Reagents (e), into 100 mL volumetric flask. Pipet 7 mL HCl into flask, and dilute to volume with water. Prepare fresh every 6 months. (2) 100 ng/mL.-Pipet 1.00 mL 10 µg/mL Hg standard into 100 mL volumetric flask. Pipet 7 mL HCl into flask, and dilute to volume with water. Prepare fresh monthly.
(b) Hg working standards.-Containing Hg at 0, 0.5, 1, 2, 3, and 5 ng/mL. Into each of six 100 mL volumetric flasks, add 10 mL matrix modifier, Reagents (f), and 10 mL HNO 3 . Add ca 25 mL water to each flask. Add 7.0 mL HCl to each flask. Pipet into respective flasks 0, 0.50, 1.00, 2.00, 3.00, and 5.00 mL Hg standard at 100 ng/mL. Dilute to volume with water.
Sample Digestion
(1) Accurately weigh 0.5-5 g (depending on water content; ca 0.25-0.5 g dry weight) food sample into 50 mL polypropylene centrifuge tube. Spike those foods used to test recovery at this time.
(For routine analysis, analyze 2 replicates of each sample, using 2 different sample weights. For compliance analysis, analyze each sample in triplicate, using different sample weights.) (2) Place tubes in convection oven set at 55°C for 24 h or until dry. Let cool. 
Instrumental Determination
(1) Set up instrument according to manufacturer's instructions, with oven temperature at 125°C, gas flow at 100 mL/min, pump rate 100% (max.), and argon (99.999% purity) carrier gas. The instrument has 3 different groups of settings, based on the range of concentrations being measured. The above settings correspond to the intermediate concentration range.
(2) Let oven and lamp warm up for 2.5 h. (3) Set up autosampler tray to run standards, reagent blanks, spiked reagent blanks, samples, and spiked samples. After every 10 solutions, include a 1 or 2 ng/mL standard solution to check for instrumental drift.
(4) Turn on carrier gas and pump, zero instrument, and analyze standard set to condition instrument.
(5) Rezero instrument and analyze standards, reagent blanks, spiked reagent blanks, samples, spiked samples, and 1 ng/mL standard check. Make duplicate determinations for each solution.
(6) Dilute solutions exceeding the calibration curve range with reagent blank solution, and reanalyze them at the end of the batch.
(7) Compare the average absorbance of the 1 or 2 ng/mL standard included after each of the 10 solutions with the original absorbance. If the absorbance changes by >10% in either direction, reanalyze all the solutions again.
Calculations
(1) Using a manual calibration curve or the algorithm provided with the instrumentation, calculate the concentrations, in ng/mL, of all the individual reagent blanks and sample solutions.
(2) Average the solution concentrations of the 3 reagent blanks. where Wt is the sample weight, V is 50 mL (the final volume of solution), and DF, the dilution factor, is the amount by which sample solutions with signals over the calibration range are diluted; DF equals 1 for an undiluted solution.
(7) Calculate the individual spiked sample recoveries according to the following equation:
where C i is the solution concentration of the spiked sample in ng/mL, C AVG is the average sample concentration, in ng/g, of the unspiked sample replicates, obtained by using the equation in (6), Wt i is the weight of spiked sample taken for analysis, and spike is the spike added to the digestion tube in ng. 
Results and Discussion
Interferences and Matrix Modification
The matrixes of different foods vary widely with respect to organic composition, mineral nutrients, and transition ele- ments. Thus, any analytical method suitable for applicability to the full spectrum of foods requires evaluation and elimination of potential matrix interferences.
From an instrumental viewpoint, the M-6000A Hg analyzer measures peak height absorbances rather than integrated absorbances. As a result, susceptibility to interferences affecting the rate of generation of the cold Hg vapor was expected. Also, interferences potentially affecting the completeness of vapor generation were expected. Preliminary investigations confirmed the presence of interferences, revealing a dependence of absorbance readings on matrix composition, including residual organic matter and major salts, such as those of Na, K, and Ca, commonly found in digested food matrixes.
One striking example of potential susceptibility to interferences was the 50% drop in Hg sensitivity with increasing concentrations of Triton X-100 (Figure 1 ). Chemicals that sharply reduce or increase measurement signals are often useful as matrix modifiers, i.e., as chemicals that reduce differences in the behavior of samples and standards. Thus, the results in Figure 1 led to testing of Triton X-100 as a matrix modifier.
The theoretical approach taken to reduce interferences was to assume that 2 major types of interferences predominated: organic matter and mineral composition. The practical approach to identify and study these interferences was to evaluate the dependency of apparent sample Hg concentration on sample weight, and, by adding different modifiers, attempt to reduce this dependency. To focus purely on the effect of chemicals on instrument response rather than add the additional complexity of potential losses during digestion, 50 g food was digested with about 150 mL concentrated HNO 3 , and the digest was diluted to 200 mL with water. Various amounts of the digest were then added to individual measurement tubes, and the HNO 3 concentrations in the tubes were brought to a constant value. Hg was then added to each tube (about 1 ng/mL final solution concentration). The solutions were diluted to volume with water and measured against a standard Hg solution containing the same concentrations of Hg, acid, and modifiers. If the apparent (calculated) Hg concentration of the original digest varied with the amount of digest added, this signified that a matrix component was affecting instrumental recovery, and various amounts of different potential modifiers were added to each tube until one was found that did not cause concentration changes. This procedure was then repeated for 4 or 5 different types of food.
The following is an example of the above procedure. After several months of modifier testing, a final concentration of 0.01% Triton X-100 and 2% Mg(NO 3 ) 2 ·6H 2 O was found to be a suitable modifier for a variety of foods. However, when beef kidney was tested, there was a 40% increase in apparent Hg concentration with increasing sample weight (Figure 2) . It was intuitively assumed that this change could be due to the high concentrations of transition elements normally found in kidney, even though the change was in the direction opposite to that expected. Thus, different concentrations of Cu(II) were tested as a matrix modifier. At a concentration of 10 µg/mL, Cu(II) reduced the interference from 40% to about 1% (Figure 2 ), and this was the point at which testing of the modifier was terminated.
Thus, the matrix modifier in the final measurement solutions was 0.01% Triton X-100, 2% Mg(NO 3 ) 2 ·6H 2 O, and Cu(II) at 10 µg/mL. It is hypothesized that the Mg buffers the ionic strength to swamp food-dependent variations in Ca, Mg, Na, and K concentrations; that the Triton X-100 compensates for effects caused by different types and concentrations of residual organic matter; and that the Cu(II) compensates for various concentrations of transition elements.
Stabilization of Hg Solutions
During preliminary testing of the method, 3 blanks and 2-3 spiked blanks were included in each analytical batch. It was observed that although spiked samples gave quantitative recoveries (90-100%), the spiked blanks were periodically erratic both within and among batches, with individual spiked blanks giving recoveries as low as 3% (Table 1) . These erratic results were traced to loss of Hg from the spiked blanks. It was assumed that similar, if not greater, losses could occur from the blanks as well.
Several published stabilization techniques were tested to prevent volatility loss of Hg (Table 2) . Of the tested techniques, the addition of NaCl was the most effective in preventing loss of Hg from solutions containing no sample. This result agreed with the findings of other researchers (21, 22) . Also, polypropylene was more effective than polystyrene in preventing Hg losses.
Because the addition of NaCl involved the separate preparation of a concentrated solution, chloride was added as HCl.
The addition of HCl was tested on lower Hg concentrations by using 50 mL polypropylene tubes containing 5% nitric acid and 1-5% HCl. Solutions containing Hg at 0.1 and 0.01 ng/mL in 5% HNO 3 were stable in HCl concentrations of 1-5% for periods of ≤5 days (Table 3 and Figure 3) . 
Evaulation of the Method
Evaluation was based on analysis of 13 batches, each composed of a standard blank and standards, 4 reagent blanks, 2 spiked blanks, a standard reference material analyzed in duplicate, a typical sample for the recovery study analyzed in triplicate before and after spiking, 11 other samples analyzed in duplicate, and a repeat analysis of 1 reagent blank and 1 blank. Each sample was analyzed at 2 different sample weights, one about twice the weight of the other.
The solution LOD, based on 3 times the standard deviation of 3 reagent blanks, averaged 0.012 ng/mL. This is lower than the solution detection limits of 0.021-0.028 ng/mL derived from the standard deviations (Table 3 ) of the Hg solutions at 0.01 ng/mL tested for stability.
A typical calibration gave, in microabsorbance units, a slope of 3044 and an intercept of 73.03. R 2 ranged from 0.9995 to 0.99998. The absorbance of a standard at 5 ng/mL was typically about 15 000 microabsorbance units.
Based on a 2 g sample weight and the detection limit of 0.012 ng/mL derived from the reagent blanks, the sample detection limit of the method over 12 batches averaged 0.30 ng/g wet weight and varied from 0.05 ng/g to a maximum of 0.6 ng/g. Despite these low detection limits, 64% of 135 total diet composite samples analyzed contained Hg at levels below the detection limit.
Recoveries from spiked blanks averaged 91% and ranged from 81 to 95%. Recoveries from spiked samples averaged 97% and ranged from 77 to 107%. The lowest mean recoveries were for jams (77%) and peaches (85%; Table 4 ). Both have a high sugar content, and the intensity of the initial digestion with nitric acid before the addition of HCl may be the factor contributing to the poor recoveries.
Good accuracy was also confirmed by analyses of standard reference materials with certified Hg concentrations (Table 5) .
Precision between duplicates for 85 samples containing Hg at <LOD levels averaged 0.052 ng/g (pooled standard deviation). For 49 samples containing >LOD levels, the pooled standard deviation was 0.30 ng/g, and the average relative standard deviation was 12%. These standard deviations include an uncertainty component due to the inhomogeneity of Hg in the samples, which was not evaluated. Measurement bias near the detection limit was evaluated in the following way. All samples were analyzed by using 2 different sample weights, one of which was about twice that of the other. For each sample with Hg concentration below the detection limit, the concentration (as calculated) in the high-weight sample was subtracted from the concentration (as calculated) in the low-weight sample, and the percentage of differences that fell below zero was calculated. In a completely unbiased system, 50% of the differences should fall below zero. Bias is revealed by the extent this percentage falls below or above 50%. Over all samples, there was a slight bias (66%), with 2 of 12 analytical batches having a definite bias of 100%. For the remaining batches, bias was minimal, ranging between 30 and 67% and averaging 46%. The bias was calculated to be 51% for samples with Hg concentrations above the LOD, indicating the general absence of bias.
Contamination Control
The only major source of contamination observed was carryover from Pyrex volumetric flasks used to hold solutions containing Hg concentration of >1 µg/mL. Subsequent washes of the flasks and stoppers with boiling concentrated HNO 3 reduced but did not eliminate the contamination. Thus, segregation of all labware according to Hg concentration in contact with the labware is critical. The effects of washing new polypropylene and polystyrene test tubes on the blank control were not evaluated, but such an evaluation would be necessary if lower detection limits were to be achieved.
Future Prospects
One of the major disadvantages of the method is the length of time needed for drying and digestion of samples. At the time of review of this manuscript, another low-temperature digestion procedure for Hg was published (23) . The digestion at 80°C with sulfuric acid and 50% hydrogen peroxide in Erlenmeyer flasks is 3-4 times faster than that presented in this paper, and, if combined with more sensitive analytical instrumentation, it could improve throughput substantially for food analyses. Any such method would still need to be evaluated to ensure that low concentrations of Hg are not lost, and that matrix modification is appropriate for the instrument used.
The approach being tested in our laboratory to improve throughput is to eliminate the drying step while retaining the same general digestion method. Our use of centrifuge tubes rather than Erlenmeyer flasks permits simultaneous digestion of more samples. 
